Rheological and physicochemical analyses of Cebreiro cheese were carried out. Four samples of each of three batches of cheese from different commercial producers were analyzed. Mechanical spectra data were obtained from frequency sweeps at 20ºC, a quality factor Q and fractal dimension Df were obtained from these rheological data. Moisture content, physicochemical (pH and titratable acidity) and proteolysis-related parameters were also measured. Analysis of the temperature dependence of the complex viscosity also enabled characterization of the activation energy of the three batches. The different viscoelastic parameters were highly consistent and structural differences between the different batches were observed. As regards the chemical composition level, high correlations between moisture, titratable acidity, nitrogen fractions and several viscoelastic parameters were observed. In general, casein networks were more extensive and elastic in batches with higher titratable acidity and moisture.
approached, caseins precipitate isoelectrically, and a three-dimensional solid-like network is formed by charge neutralization. The network formed may be designated as being fine-stranded or particulate (Rao, 2007) . The microstructure of particulate gels consists of large aggregates, which are opaque and have a low water holding capacity. Acid milk gels are examples of "particulate gels" and have been described as fractal in nature.
To date, no information has been reported regarding the influence of physicochemical parameters on the viscoelastic properties of the Cebreiro cheese (PDO). The objectives of the present study were therefore: (a) to characterize the rheological properties of batches of Cebreiro cheese made by different manufacturers, and (b) to relate these properties with to physicochemical and proteolytic parameters.
Apart from helping to improve the quality of this variety of cheese, the results of this study will contribute data on the biochemical and rheological characters of fresh acid curd cheeses in general.
Materials and Methods

Samples
Three batches of Cebreiro cheese manufactured by three different producers following the industrial method described by Lafuente et al. (1995) , in compliance with PDO status, were analyzed in the present study. Four samples were taken from each batch on different days. Each cheese sample consisted of one whole cheese. Samples were transported to the laboratory under refrigeration (below 4ºC) and were subjected to rheological test measurements on the day of sampling.
Moisture, pH, Titratable Acidity and Nitrogen Fractions
The water contents of the cheese samples were determined following the FIL-IDF 4A: 1982 standard method. The pH and titratable acidity were measured following the 14.022 AOAC method (1980) . The total nitrogen content (TN) was determined by the Kjeldahl method, as described in the FIL-IDF 20B: 1993 standard. Water-soluble nitrogen (WSN) was determined by fractionation of the cheese samples with water, according to Kuchroo and Fox (1982) . The trichloroacetic acid soluble nitrogen (TCASN) fraction was prepared by adding 7.5 mL of an aqueous solution of 48% (w/v) trichloroacetic acid to 22.5 mL of water-soluble extract; the mixture was allowed to stand at room temperature for 30 min and then filtered through Whatman No. 42 filter paper. The phosphotungstic acid soluble nitrogen (PTASN) test was carried out by adding 14 mL of 3.95 M sulphuric acid and 6 mL of 33.3% (w/v) phosphotungstic acid to 20 mL of water soluble extract; the mixture was allowed to stand at 4ºC overnight and subsequently filtered through Whatman No. 542 filter paper. Aliquots from both fractions were then analyzed by the Kjeldahl method. All measurements were made in duplicate.
Dynamic Rheological Measurements
All rheological measurements were performed with a Bohlin CVO controlled-stress rheometer (Bohlin Instruments, Inc. Cranbury, NJ). The measurement system used was a 20 mm parallel-plate. Cheese samples were cut into cylindrical samples of 20 mm diameter and 1 mm thick. Samples were placed between the parallel plates of the rheometer; the upper plate was lowered and stopped at a final gap of 1.0 mm from the lower plate. Any excess sample protruding beyond the upper plate was carefully removed. Samples were allowed to rest for 15 min before analysis to ensure both thermal and mechanical equilibrium at the time of measurement. A thin film of Vaseline ® petroleum jelly (purissimum Codex) was gently applied to the edge of each exposed sample to prevent moisture loss. No evidence of specimen slippage at the bottom plate was detected. The temperature of the lower plate was maintained at 20.0 ± 0.1ºC in a Bohlin Rheology fluid circulating bath (also from Bohlin Instruments, Inc.) and controlled by use of a computer.
To determine the linear viscoelastic (LVE) region, a stress sweep (angular frequency 6.28 rad/s) was performed in the range of 10-2000 Pa at 20ºC. Changes in storage (G') and loss modulus (G'') were recorded. The procedure for determining the limit values of stress (σ max ) and strain (γ max ), was explained in a previous study in which creep and recovery tests were used to corroborate the amplitude of LVE range (Campo-Deaño & Tovar, 2009) . Frequency sweeps were carried out on the samples in the 0.1-10 Hz range at 0.5% strain, and changes in G' and G'' moduli were recorded at 20ºC.
The values of complex viscosity (μ* = G*/ω) for all samples from the three batches were obtained at five temperatures, at ω = 6.3 rad/s and a fixed strain of 0.5% (within the LVE range). The selected temperatures were 20, 22, 24, 26, 28 , and 30ºC.
Statistical Analyses
Significantly different means (P < 0.05) were compared by the least squares difference (LSD) test by use of the statistical software Statistica 5.1 for Windows (StatSoft Inc., 1996, Tulsa, OK, USA) . Statistical correlations between the biochemical and the rheological parameters were determined by multiple regression with confidence intervals of 95% (P < 0.05), 99% (P < 0.01) and 99.9% (P < 0.001), by use of the Statistica 5.1 software.
Results and Discussion
Biochemical Parameters
The values of the Total Solid (TS) contents, physicochemical parameters and nitrogen fractions of Cebreiro cheese are shown in Table 1 . The moisture content is consistent with values reported for the same cheese, by other authors (Lafuente et al., 1995; Fresno, Prieto, Urdiales, Martín Sarmiento, & Carballo, 1995) . The TS values were significantly lower (P  0.05) in batch B samples than in batch A and C samples. This variation may be caused by the differences in intensity of whey drainage used by the different cheesemakers. Rearrangement of casein micelles during the whey draining process causes shrinkage of the casein matrix and subsequent expulsion of whey from curd. The rate and extent of whey drainage controls the moisture and lactose contents of curd (Castillo, Lucey, & Payne, 2006) , which effects the moisture and pH of the cheese, and consequently the texture.
The low pH of Cebreiro cheese is due to the acid coagulation processes involved in production of the cheese (Lafuente et al., 1995) . The pH values were similar in the three batches studied and are within the range described by other authors (Lafuente et al., 1995; Fresno et al., 1995) .
Taking into account the observed pH values, similar values of titratable acidity would be expected, however the pH of batch A samples was significantly lower (P  0.05) than the pH of batch B and C samples. This may be attributed to different draining intensities. The TS content and the titratable acidity were negatively and significantly correlated (P  0.01, r = -0.72) ( Table 5 ). The long coagulation periods with intense acidification induce extensive demineralization of the casein micelles. The large mineral losses in the whey (greater drainage in batch A samples) may be related to the buffering capacity of the mass, which would be lower in batch A, resulting in lower values of titratable acidity.
The values of the different nitrogen fractions in Cebreiro cheese indicate that this cheese undergoes a low level of proteolysis. These values are within the range of those observed in other unripe Spanish cheese and similar to those determined by other authors for this variety of cheese (Lafuente et al., 1995) . The rennet that remains in the curd after whey drainage is responsible for the initial attack on caseins, forming large-sized peptides which are later degraded by the action of microbial and milk autochthonous enzymes. The low values of WSN and TCASN may be related to the small quantities of rennet used in the elaboration of this cheese.
The WSN and TCASN contents were positively and significantly correlated (P  0.05) with moisture content (r = 0.77 and r = 0.87, respectively) and titratable acidity values (r = 0.78 and r = 0.79, respectively) ( Table 5) . The values of WSN and TCASN were significantly lower (P  0.05) in the batch A cheeses than in batch B and C cheeses. This appears to be affected by the moisture content and therefore by the rennet retained in the curd. These tests enable discrimination of two different regions: a linear viscoelastic (LVE) region, in which the viscoelastic moduli: complex modulus, (G*) storage modulus (G') and viscous (G'') are almost constant, and a non linear region in which G' began to decrease while G'' began to increase, and finally both moduli tended to cross over).
As long as the γ-amplitudes are still below the limiting value γ L, the structure of the sample remains stable under these conditions, and viscoelastic parameters possess physical meaning (Barnes, Hutton, & Walters, 1998) . The limiting values of σ L and γ L in batches A, B and C are similar and statistically undistinguishable (P < 0.05) at 20ºC (Table 2) . Moreover in all samples γ L < 1% , a finding that is consistent with the corresponding γ L values for other Galician cheeses produced by enzymatic coagulation, and with a short ripening time (Tovar, Franco, Riveiro, Romaní, & Carballo, 2004a ).
The G* values for the three batches were not able to be distinguished because of the degree of experimental uncertainty (Table 2) . G* is related to the rigidity of the material, and can be used as a measure of the gel strength in different protein gels and their derivative products (Campo-Deaño & Tovar, 2009 ). Cheese appears to have a three-dimensional network, but it also flows, and therefore G* is a measure of the "strength" of the interactions between the flowing units (Gabriele, de Cindio, & D'Antona, 2001 ) such as micelle aggregates.
Thus the firmness of all samples of Cebreiro cheese was high and similar, since it is an unripe cheese, and therefore the degree of proteolysis was low (Table 1) .
However it was possible to distinguish the loss tangent (tanδ) within the LVE region tanδ = G''/G' is the ratio of the viscous to elastic properties, and is associated with relaxation of bonds in the gel during deformation (Lucey, 2002) . The value of tanδ was higher in batch A than in batch B and C cheeses (Table 2 ). This may be attributed to a partial loosening of bonds within and between casein molecules in the gel network of batch A cheeses. On the contrary tanδ was significantly lower in batches B and C, in which the titratable acidity is significantly higher ( Table 1 ), indicating that their casein matrices are more elastic than in batch A. The Horne model suggests that acidification of milk leads to solubilization of colloidal calcium phosphate (CCP), which loosens the bridging between caseins, which also disturbs the delicate balance between attraction and repulsion that governs micellar integrity (Horne, 1998) . Moreover, solubilization of CCP appears to alter the balance between viscous and elastic components (Lucey, 2002) , but not the overall rigidity of the network; this may explain the significant influence of titratable acidity on tanδ but not on G*. The low losses of CCP in B and C batches due to the lower degree of demineralization during whey drainage fortified the internal structure of the micelles; as a result the solid-like character of casein networks increased and tanδ decreased (Table 2) . Values in the same file not followed by the same letter differed significantly (P0.05).
Frequency Sweeps
The frequency dependence of G' and G'' can provide valuable information about the structure of a gel. A material whose G' and G'' are frequency-independent, with G' > G'', is a true gel. In contrast strong frequency dependence suggests a material structure with molecular entanglements (Ross-Murphy, 1984). Frequency sweep tests were used to fit G' and G'' to the power law (Equations 1 and 2) . G' is a measure of the deformation energy stored by the sample during the shear process, and represents the elastic behavior of a material. G'' is a measure of the deformation energy used up by the sample during the shear process, and so lost by the sample; it represents the viscous behavior of the material.
Mechanical spectra for batches
. The values of G' and G'' were similar in all three batches at all range of frequencies; thus the overall rigidity of the casein networks is statistically indistinguishable (Table 3 and Figure 1 ). However there were significant differences in the n' and n'' parameters (Table 3) . The difference between the strong (true) gel and the weak gel can be established by mechanical spectroscopy (Clark & Ross-Murphy, 1987) . In the former, the molecular rearrangements within the network were reduced over the time scales analyzed; G' and G'' are almost independent of ω (low and similar n' and n'' parameters). According to this, the gel characteristics of batches B and C (with lower n' and n'' parameters) were better and these were therefore stronger gels than batch A (Table 3) . Moreover the n' and n'' parameters were negatively and significantly correlated (P  0.01) with titratable acidity values (r = -0.72 and r = -0.71, respectively). This may be related to the fact that acidity values and moisture content were higher in batches B and C (Table 1) , since the titratable acidity and moisture of cheese markedly affects its rheology due to its influence on paracasein hydration. Hydration of paracasein decreases as the pH is reduced further to 4.6 (Creamer, Lawrence, & Gilles, 1985) , thus the casein aggregation increases, and the frequency dependence of the G' and G'' diminishes (Table 3) . The striking structural differences among the three batches are also quantifiable in terms of the quality factor Q, a parameter frequently used in mechanical oscillatory systems. It is a dimensionless magnitude that is related to the degree of damping of an oscillator. Taking into account the oscillatory character of frequency sweeps, using equations 1 and 2, the following Equation (4) was proposed to discriminate the rheological quality of different food protein gels (Campo-Deaño, Tovar, & Borderías, 2010) :
The Q factor unifies parameters that provide different kinds of structural information: G 0 ' and G 0 '' are related to the strength of the intermolecular interactions and n' and n'' to the extent and stability of the protein network.
The Q values were higher (P < 0.05) in batches B and C than in batch A (Figure 2) , thus confirming that the casein networks have better gel characteristics in samples with higher titratable acidity and higher water content (Table 1) . According to this, the Q factor was negatively and significant correlated (P  0.05) with TS (Table 5) , since if a total solid diminishes, the fluidity of protein networks increases, then the viscous losses decrease and Q increases. This result is consistent with the lower tanδ values in batches B and C determined by stress sweeps (Table 2) ; in these batches less CCP was solubilized and the interactions increased as a result of the greater number of crosslinks (Lucey et al., 2003) , thus the elastic character of the different samples increased and loss tangent values decreased. 
Fractal Dimension
The concept of fractal geometry is a quantitative tool used to measure the complexity of gel structures by showing a pattern of self-similarity characterized by non-integer dimension: the fractal dimension (D f Where A is the pre-exponential factor, E a is the activation energy, and R is the gas constant (8.314 J/mol·K). The Ea values were obtained from the data in Table 4 and using equation 6 (45 ± 11, 61 ± 5 and 59 ± 7 kJ/mol for batches A, B and C respectively). The higher E a values for the B and C batches indicate that their micellar networks break down less easily than in A batch (Tunick, Nolan, Shieh, Basch, & Thompson, 1990) . This is consistent with the higher values of parameters D f and Q, since their casein networks possess a large number of attractive interactions, and hence higher reticular extent and elastic character (Figures 2 and 3) . Moreover, parameters Q and D f were positively and significantly correlated (P  0.05) with proteolysis data (Table 5 ). This is in apparent contradiction with the physical meaning of the three rheological parameters. However taking into account the values of the different nitrogen fractions (Table 1) , it is possible to affirm that Cebreiro cheese undergoes a low level of proteolysis, which does not disturb the structural integrity of their micellar networks, resulting in lower and statistically undistinguishable values of PTASN in batches A, B and C (Table 1) . 
Conclusions
A detailed physicochemical and rheological study of Cebreiro cheese is presented. The viscoelastic parameters of all cheese samples, and consequently their textural properties, were significantly affected by the titratable acidity values and total solid contents. Several chemical parameters, such as titratable acidity, moisture content and nitrogen fractions were found to be correlated with different physical magnitudes, such as quality factor and fractal dimension.
Although the firmness of all samples was high and similar, the structural influence of demineralization effect in casein micelles was observed, in terms of the behaviour of the loss tangent in their fractal aggregates. Taking into account the overall physicochemical and dynamic oscillatory measurements, it was concluded that batches B and C possess better gel properties than batch A.
Further research should focus on analyze the effect of heating process on the viscoelasticity under small deformations.
